The hot deformation behavior of an IN718 superalloy was studied by isothermal compression tests under the deformation temperature range of 950-1100 °C and strain rate range of 0.001-1 s -1 up to true strains of 0.05, 0.2, 0.4 and 0.7. Electron backscattered diffraction (EBSD) technique was employed to investigate systematically the effects of strain, strain rate and deformation temperature on the subgrain structures, local and cumulative misorientations and twinning phenomena. The results showed that the occurrence of dynamic recrystallization (DRX) is promoted by increasing strain and deformation temperature and decreasing strain rate. The microstructural changes showed that discontinuous dynamic recrystallization (DDRX), characterized by grain boundary bulging, is the dominant nucleation mechanism in the early stages of deformation in which DRX nucleation occurs by twining behind the bulged areas. Twin boundaries of nuclei lost their ∑3 character with further deformation. However, many simple and multiple twins can be also regenerated during the growth of grains. The results showed that continuous dynamic recrystallization (CDRX) is promoted at higher strains and large strain rates, and lower temperatures, indicating that under certain conditions both DDRX and CDRX can occur simultaneously during the hot deformation of IN718.
Introduction
Inconel 718 is a typical Ni-based superalloy having high strength [1] , excellent resistance to oxidation [2] , high corrosion resistance [3, 4] , adequate ductility and toughness [5] , favorable weldability [6] and good machining performance [7] . IN718 is used for critical parts in modern aero-engines, extrusion dies and gas-turbines [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] . Hot deformation is necessary to achieve the required properties in IN718. This is the reason why the hot deformation behavior of IN718 has been widely studied over the past decade [7, [18] [19] [20] .
Generally, dynamic recovery and dynamic recrystallization (DRX) are competitive restoration mechanisms during the hot deformation of alloys. IN718 is a relatively low stacking fault energy material [21] , and consequently, DRX is believed to be the main restoration process that controls the microstructure evolution of IN718 during hot working. There are numerous works in the literature which have explored the parameters affecting DRX on IN718 [22] [23] [24] [25] [26] [27] [28] [29] .
There is an agreement in the literature in considering two main mechanisms for DRX [30, 31] , namely discontinuous dynamic recrystallization (DDRX) and continuous dynamic recrystallization (CDRX). DDRX is characterized by nucleation and growth of the nuclei through a bulging mechanism [32, 33] , while CDRX is characterized by transforming dislocation cell boundaries into low-angle subgrain boundaries and then into high-angle boundaries [34, 35] , and consequently cannot be considered as a mechanism that is controlled by nucleation and growth. Recently, Lin et al. [36] studied the DRX behavior of a nickel-based superalloy, and concluded that DDRX plays a dominant role during the nucleation stage of DRX. Jiang et al. [37] reported the same behavior for a 617B alloy during hot compression tests. Guo et al. [38] showed that DDRX was promoted by increasing the deformation temperature in an Inconel 625 superalloy. Similar results have been reported by Wang [23] , who observed that decreasing the deformation temperature promotes the effect of CDRX in a superalloy 718. Cao et al. [39] investigated the effects of processing parameters on the DRX behavior of a 800H alloy, and showed that twinning plays a significant role during the nucleation and growth of the recrystallized grains. The results obtained by Zhang et al. [40] demonstrated that the nucleation mechanisms of DDRX and CDRX can simultaneously occur in a nickel-based superalloy during hot deformation.
Although there are several works concerning the mechanisms of DRX nucleation in nickelbased alloys, further studies are still required to clarify the effects of processing parameters on these mechanisms and associated twining phenomena occurring at high temperature deformation of nickel-based superalloys. Consequently, the main goal of the present work is to carry out a systematic investigation on the influence of strain, strain rate and deformation temperature on the evolution of grain structure, substructure, twins, as well as nature and misorientation of the grain boundaries, to understand the nucleation mechanisms of DRX during the hot deformation of an IN718 superalloys using electron backscatter diffraction analysis.
Material and experimental procedures
The chemical composition of wrought IN71598 superalloy used in this investigation is listed in Table 1 . The specimens were solution treated at 1025 °C for 1 h, followed by cold-water quenching. The initial microstructure comprises equiaxed grains and annealing twins, as shown in Fig. 1 . The presence of equiaxed grains and annealing twins shows that the initial material has a recrystallized structure [41, 42] . The average grain size (without twins) was measured to be about 45 μm by the linear intercept method. Cylindrical compression specimens of 5 mm in diameter and 10 mm in height were machined from the annealed material. Isothermal compression tests were carried out in a Baehr DIL-805 deformation dilatometer. Compression tests were conducted to true strains of about 0.05, 0.2, 0.4 and 0.7 under different temperatures (950, 1000, 1050 and 1100 °C) and various strain rates (0.001, 0.01, 0.1 and 1 s -1 ). A K-type thermocouple was spot-welded at the middle of the specimen to accurately control the heating and cooling rates and measuring the temperature of the specimen. Argon gas was utilized as the shielding and quenching gas in the machine. In order to minimize the friction and avoid the adhesion, a molybdenum foil with a thickness of 0.1 mm was used between the anvils and the specimen surface. However, it was necessary to use correction factors to eliminate the effect of interfacial friction. A simplified theoretical analysis of the barrel compression test for estimation of the friction factor was used to remove the friction effects. Details of this method can be found elsewhere [41, 43] . 
Results

Stress-strain curves
The friction corrected hot flow curves are presented in Fig. 2 , which exhibits the effect of both temperature and strain rate on the softening processes of the present IN718 alloy. Fig. 2a illustrates the stress-strain curves of samples compressed at a strain rate of 0.01 s−1 and different temperatures. Details of the friction-correction of flow curves have been reported elsewhere [43] .
Typically, the flow stress increases to a maximum value (peak stress), and then decreases to an almost constant stress level (the steady state stress). The observed behavior is typical in alloys showing the occurrence of DRX during hot deformation [38, [44] [45] [46] . Moreover, it is observed that the peak stress decreases as the temperature increases, which is a conventional behavior and consistent with other reports for nickel-based superalloys [47] [48] [49] [50] . Flow curves of IN718 alloy obtained at the temperature of 1100 °C and at various strain rates from 0.001 to 1 s −1 are also displayed in Fig. 2b . It can be observed that the peak stress becomes more pronounced when the strain rate increases. Moreover, the peak stress decreases with decreasing strain rates. It is worth mentioning that the peak strain (the one associated to the peak stress) also decreases with decreasing strain rates. Peak strain is usually associated to the onset of DRX. 
Characteristic microstructures
The microstructures of the superalloy IN718 after compression at various temperatures, a strain rate of 1 s −1 and a strain of 0.7 are shown as OIM maps in Fig. 3 . In this figure, the recrystallized grains, illustrated in blue, are distinguished from un-recrystallized ones through differences in the grain size and aspect ratio. It is evident that the fraction and size of the recrystallized grains are strongly dependent on the deformation temperature. At a temperature of 950 °C a few small recrystallized grains, having an equiaxed shape, are detectable. These grains are preferably formed at prior grain boundaries, leading to a necklace structure. By increasing the temperature, a higher fraction of bigger recrystallized grains appears in the structure. As shown in Fig. 5d , with the further increase of strain to 0.7, the elongated grains disappear, finer and equiaxed grains are dominant and complete DRX occurs. However, there are still some grains containing low angle boundaries in their interior. These are work-hardened dynamically recrystallized grains [27, 51] , in which new cycles of recrystallization occur, shown by green arrows in Fig. 5d . This is related to the formation of twins during the hot deformation, shown as red lines in Fig. 5 .
Misorientation angle evolution
Effect of strain
The point to point (local) and point to origin (cumulative) misorientations of two characteristic microstructures were plotted along the lines drawn in Fig. 7 , to assess the impact of strain on the misorientation gradient. As observed in Fig. 7b Fig. 8a . As shown in Fig. 8a and b, the fraction of DRX grains increases with increasing the deformation temperature from 1000 to 1050 °C. This can be ascribed to the lower critical dislocation density for the occurrence of DRX at higher temperatures [43] . It is interesting to note that almost none of the observed recrystallized grains are present in the interior of the initial grains. It can be observed that due to the concurrent deformation, the twins inside the elongated grains lose their specific twin orientation. However, recrystallized grains are strongly twinned specially at higher temperatures, and a large fraction of grain boundaries formed after DRX initiation has Σ3 twin relationship. The relative frequency changes of the misorientation angle at different deformation temperatures for the sample deformed at strain rate of 1 s -1 are summarized in Fig. 9 . As illustrated in Fig. 10a , the fraction of LAGBs is predominant at lower temperatures. With raising the deformation temperature, the fraction of HAGBs is increased. To clarify the influence of deformation temperature on the DRX mechanisms, the misorientation analysis was performed along the lines shown in Fig. 10a and d . The cumulative misorientations developed along the C1 and C2 line exhibit a large orientation gradient along the grain boundary as well as within the grain. It is apparent from Fig. 10b that the local misorientation does not exceed 6 • , while the cumulative misorientation continuously increases to 32 • (at a distance of 20µm). With increasing deformation temperature, the cumulative misorientations decrease significantly, as displayed in Fig. 10e and f. 
Effect of the deformation temperature
Effect of strain rate
The effects of strain rate on the subgrain structures obtained at 950 °C after applying a strain of 0.7 are depicted in Fig. 11 . DRX grains free of LAGBs can be found in both microstructures deformed under strain rates of 0.001 and 0.01 s -1 , however, the fraction and size of these grains decrease with increasing strain rate. Results show that almost all the recrystallized grains of small size have no annealing twins, shown by green arrows in Fig. 11 , while most of the larger grains contain twins, especially in the samples deformed at lower strain rates. with misorientation of 10-15 • increases as strain rate increases. It appears from Fig. 13 that both the cumulative misorientation and local misorientation along grain boundary and grain interior, observed at high strain rates are remarkably higher than those at low strain rates. Likewise, the misorientation of geometrically necessary boundaries (GNBs) obtained at the strain rate of 0.001 s -1 is 4 • (Fig. 13b and c) , whereas the misorientation at the strain rate of 0.01 s -1 is greater than 10 • ( Fig. 13e and f) . 
Discussion
Recrystallization mechanisms
The role of deformation parameters
Generally, DDRX, also known as conventional DRX, takes place in cubic metals with low or medium stacking fault energy [52, 53] , and it features nucleation by grain boundary bulging followed by growth of the recrystallized grains [54, 55] . However, grain boundary bulging needs developing subgrains near the pre-existing grain boundaries in order to provide the driving force required for local migration of the grain boundary [56] . On the contrary, CDRX takes place by generation of low angle grain boundaries (LAGBs), which transform to high angle grain boundaries (HAGBs) with further deformation. Therefore, CDRX is substantially related to the formation of subgrains or LAGBs, and the new grains do not appear by a nucleation and growth process, as in DDRX [57] . The magnitude of strain has a strong effect on the softening behavior of the studied IN718. It can be found from Fig. 5 that under relatively small strains the grain boundaries are highly serrated. These serrated regions are potential sites for the subsequent nucleation through the grain boundary bulging [36] . This indicates that DDRX, featured by grain boundary bulging, is the primary nucleation mechanism of DRX for the IN718 samples during the hot compression at 1100 ºC and small strains. Generally, grain boundary bulging is driven by the energy difference between the adjacent grains, and is indicative of strain-induced grainboundary migration (SIGBM) [58] .
Considering Fig. 5 , bulged boundaries are vanished and the amount of subgrains in the interior parts of the un-recrystallized grains is increased with further increasing the strain. This fact suggests that CDRX is starting to be an active DRX mechanism. CDRX is typically characterized by progressive subgrain rotation, which induces the generation of LAGBs, the subsequent increase of the misorientation angles and their possible transformation into HAGBs.
Furthermore, incomplete discontinuous HAGB segments are frequently observed within grains in the EBSD maps, which are connected by LAGBs, as shown by white arrows in Fig. 5b -c.
Accordingly, it can be concluded that these kind of discontinuous HAGBs have evolved from the LAGBs by continuous absorption of dislocations (CDRX) [59] . The fraction of LAGBs The development of the CDRX is characterized by progressive subgrain rotation and a misorientation angle between 10 and 15 • , MAGBs , which is required for nucleation of recrystallized grains through this mechanism [24] . The point to the origin misorientation exceeded 10 • along original grain boundaries as is shown in Fig. 7e . Thus, the medium to high angle dislocation boundaries generated near the original grain boundaries. This indicates the stronger effect of continuous progressive subgrain rotation and thereby CDRX at higher strains.
Deformation temperature has a significant influence on the size, fraction and recrystallization mechanism of DRX grains. A large fraction of big recrystallized grains is observed at high temperatures, shown in Fig. 8 . This is owing to the effects of the thermally activated phenomena during the recrystallization. The recrystallized grains grew more easily and became coarser because dislocation mobility accelerated and diffusion rate increased at high temperatures, which is in line with the findings of Shahri et al. [60] .
It is clear from Fig. 14b that the fraction of HAGBs is increased with increasing the temperature. This is due to the development of dislocation-free recrystallized grains, which is in agreement with Fig. 8b and c, and investigations of Jiang [37] . MAGBs decrease slightly with increasing the deformation temperature, which proves the weak effect of progressive subgrain rotation at the high deformation temperature. This finding is in good agreement with the observations in Fig. 10. Fig. 10 shows the relationship between cumulative misorientations and temperature and indicates that the effects of CDRX become weaker at higher temperatures.
However, some features of CDRX such as subgrains with LAGBs and individual HAGBs in the interiors of the original grains can be observed in Fig. 8b . Strain rate is another key parameter affecting the recrystallization mechanism. The critical strain for recrystallization increases with increasing the strain rate [62] . A large amount of dislocations is provided for the formation of DRX nuclei at high strain rate, but dislocation rearrengment and annihilatioin for the formation of nuclei of DRX grains is restricted. This is the reason why increasing the strain rate results in decreasing the fraction and size of the recrystallized grains. Fig. 14c shows that both LAGBs and MAGBs fractions increase with raising the strain rate. This implies that the CDRX mechanism based on the continuous subgrain rotation is promoted at high strain rates. Moreover, a higher cumulative and local misorientation along both the grain boundaries and grain interiors, illustrated in Fig. 13 , indicates that the occurrence of CDRX, which is closely related to the dislocation density [38] , is more likely to occur at high strain rates. Grains division into parts with different orientation bands is a result of CDRX operating at high strain rates. Fig. 13e shows that three main misorientation jumps are located at about 0.5, 4, 5 and 15 µm from the origin, which implies a misorientation of about 8-
• .
High cumulative and local misorientation along the grain boundary and grain interior at high strain rates ( Fig. 13e and f) indicates that deformation is heterogeneously distributed and particularly localized in the vicinities of the grain boundaries. Heterogeneous strain will result in a significant serration of the grain boundaries [63] . This is in conformity with the OIM image presented in Fig. 11 .b, which shows intensely serrated grain boundaries. Regions with high localized strain can connect with each other and result in the development of micro-shear zones, as reported in the previous work of the authors [43] . boundaries [64] , and dislocation density at or near triple junctions are significantly higher than at neighboring grain boundaries [65] . Therefore, these places are preferred sites for the nucleation of DRX grains. Moreover, boundaries of pre-existing grains are concave in the triple junctions, but neighboring boundaries show convex surfaces. Consequently, nucleated grains in the triple junctions have a low surface area to volume ratio and, thus, a low surface energy per unit volume. Convex portions of the primary boundaries, which cause concavity in the triple junctions, are the consequence of the growth mechanism of the DRX layers produced the preceding stage. If the amount of discontinuous precipitations is small, the main forces acting on the recrystallization front are provided by deformation and grain boundaries [66] . The latter is related to the grain growth and secondary recrystallization mechanisms, where the total amount of grain boundaries tends to be minimized. Although the driving force for growth of DRX nuclei is supplied by deformation, it seems that the shape of DRX grains is controlled by grain surface energy and surrounding grains. This is the reason why almost all DRX grains have equiaxed morphology.
The preferred sites for nucleation
Twinning evaluation
The role of twins in recrystallization
Ni-based superalloys with low stacking fault energy display a huge propensity for twinning during DRX. It is well known that the formation of twins decreases the boundary energy of growing grains [36] . Hence, it is predicted that DRX process progresses by promoting grain boundaries with twin orientation. Fig. 11 depicts that almost all small DRX grains are free of twins, while most of the larger grains contain twins. Thus, it can be inferred that twins generate during the growth of the recrystallized grains. These twins can be regarded as annealing twins owing to the similarities in the grain boundary types and absence of plastic deformation in the recrystallized structure.
Primary twins Σ3, characterized by 60 • misorientation around 111 , and higher order twins, including Σ9 (38.9 • / 101 ) [67] , Σ27a (31.6 • / 110 ) [68] and Σ27b (35.4 • / 210 ) [69] , were considered. From CSL rule [70] , interaction between Σ3 boundaries can form a Σ9 boundary according to the relationship Σ3 + Σ3 = Σ9, marked by yellow arrows in Fig. 15 . When a Σ9 boundary meets another Σ3 boundary, it generates either a new Σ3 boundary (Σ3 + Σ9 = Σ3), or a Σ27 boundary (Σ3 + Σ9 = Σ27). As many twins are formed within a grain, adjacent twins can encounter each other and form higher order twins at the triple junctions. The generated Σ3, Σ9 and Σ27 boundaries can be observed in Fig. 15 , in which the OIM maps of the alloy deformed to the 0.7 true strain and various temperatures and strain rates are shown. In Fig. 15 , Σ3, Σ9 and Σ27 boundaries are shown by red, yellow and green lines, respectively. It is obvious that the deformation has a discernible effect on the twin boundary characteristics. Most of the twin boundaries pre-existing in the matrix lose their coherency characteristics (angle/axis), and convert to the general high-angle boundaries during the hot compression (marked by green arrows in Fig. 15 ).
As indicated in Fig. 15 , a great number of twins form inside the recrystallized grains, behind the migrating grain boundaries. One of them is displayed in the circle A in Fig. 15b .
Multiple twinning is also present within the recrystallized grains, marked by circle B in Fig 15b. Wang et al. have proposed that the driving force for twin formation near the triple junctions of moving grain boundaries is the decline in the interfacial energy [71] . This is the reason why twinning is considered a stacking error [72] or a 'growth accident' [40] , taking place at the grain boundaries or triple junctions.
It has been shown in Ref. [71] that the normal direction of the coherent twin planes is usually close to the growth direction of grains. The growth direction of a DRX grain can be deduced from the curvature of the migrating boundaries. The dependency of coherent twins to the growth direction can be observed in Fig. 15 a- The effects of deformation temperature and strain rate on the twin formation in the present IN718 are illustrated in Fig. 15c-d and e-f, respectively. It is evident that higher temperatures and lower strain rates facilitate the formation of the twin boundaries. This finding can be ascribed to the fact that with increasing the deformation temperature and decreasing strain rate the growth step of recrystallized grains is promoted. Fig. 15 . OIM maps of IN718 samples deformed at different conditions. The HAGBs, LABs and Σ3 twins are indicated by thick-black, thin-white and thick-red lines, respectively. Also, Σ9 and Σ27 twins are displayed by yellow and green lines, respectively.
It is interesting to note that DRX grains can form on both sides of the bulged grain boundaries (Fig. 16a ). Nucleation of DRX grains through the formation of the annealing twins on the bulging boundaries shows the important role of the twinning in the DDRX mechanism. A step by step schematic illustration of this process is depicted in Fig. 16b for the sample deformed at 1100 °C and strain rate of 0.1 s −1 to a strain of 0.05. The process can be described as follows. Fig. 16b which shows a large-scale boundary growth. It is believed that discontinuously recrystallized grains form by nucleation occurring at highly strained regions followed by a large-scale grain boundary migration; in other words, DDRX can be considered as a two-step process. However, continuously recrystallized grains are in fact strain-induced ultra fine grains with a small-scale grain boundary migration; so, it is a one-step process. Fig. 15 and nucleated grains in Fig. 16a ). On the other hand, most of the grown DRX grains contain twins and multiple twins. Hence, it is suggested that twins inside the DRX grains are mostly formed during the growth stage, which is in good agreement with the results obtained by Beladi et.al [73] .
Interaction of twins and secondary phases
The main difference between an ordinary HAGB and a coherent twin boundary is illustrated in Fig. 17 in which an OIM image of the initial structure of IN718 sample and schematics of these boundaries are shown. Both A1 and A2 marked grain boundaries in Fig. 17a have intersections with secondary phase particles (carbides or nitrides). A1 grain boundary is an ordinary HAGB while A2 grain boundaries are twin boundaries. It can be observed that in the case of the ordinary HAGB (A1), the particles exert a restraining force upon the boundary and pull back the boundary at the particle location, but there is no pulling back for twin boundaries (A2). It means that restraining force acting on an ordinary HAGB is greater in comparison with the force applied on a twin boundary. The amount of this force determines the angle between "grain boundaries" and "tangent to the particle", see angle α in Fig. 17b . This is why the resulted angle α for a twin boundary is 90 • which is more than that of an ordinary HAGB. This behavior can be attributed to the difference between the surface energy of an ordinary HAGB and a coherent twin boundary. According to Zener theory, if the boundary meets a particle, then the restraining force on the boundary is directly proportional to the surface energy of the boundary [74, 75] . A coherent twin boundary has almost complete atomic fit across the interface that results in low energy. It has been reported that the coherent twin boundary energy is 0.03 J/m 2 while an ordinary HAGB energy is 0.69 J/m 2 in nickel [76] . Therefore, an ordinary HAGB with high energy is under a high restraining force. 
Conclusions
The microstructural evolution of IN718 was studied by hot compression tests. The effects of deformation parameters on the microstructural evolution were analyzed. The following conclusions can be made.
-The DDRX mechanism is the major deformation mechanism at low strains for the studied IN718. However, CDRX mechanism is promoted with increasing strain.
-Fraction of LAGBs, cumulative and local misorientations along the grain boundary and grain interior as well as misorientation of GNBs increases with raising the strain rate and decreasing deformation temperatures, indicating that the CDRX mechanism is promoted.
-Twins formation is facilitated at higher temperatures and lower strain rates.
-Following DRX nucleation by twining behind the bulged areas, nuclei lose their ∑3 characteristic during growth. However, twins will generate again inside the DRX grains during the growth of grains.
